Ferroelectric cathodes have been explored as an alternative electron source for microwave tubes. Past experiments have demonstrated operation at frequencies of 2-10 GHz. Since the ferroelectric cathode is based on surface plasma, the relatively high energy spread limits the tube operation frequency. Hence, the possibility to obtain higher frequencies remained questionable. In this experimental work a gyrotron oscillator was designed with the operation frequency increased toward that of millimeter waves. A cylindrical tube with a cutoff frequency of ϳ22 GHz was integrated to a ferroelectric electron gun. Pulses of ϳ0.5 s duration with a frequency of 23 GHz were obtained.
Ferroelectric cathodes have been intensively studied in recent years, 1,2 both to define the emission physics, as well as to examine their applicability as a source for electron tubes along with other applications. 3, 4 The ferroelectric cathode has several advantages over the conventional thermionic cathode, such as high current, 5, 6 low cost, simple handling, a requirement of modest vacuum conditions, cold operation, and versatile shaping.
The difficulties of implementing a ferroelectric cathode in microwave tubes were met and overcome for the following devices, a cyclotron resonance maser ͑CRM͒, 7,8 a gyrotron, 9-11 a traveling wave tube ͑TWT͒, 12,13 a free electron laser ͑FEL͒, 14, 15 and for magnetron interactions. 16, 17 The frequencies at which these devices were operated are listed in Table I . The frequencies obtained were in the microwave regime ͑2-10 GHz͒. Nevertheless, a millimeter wave tube based on ferroelectric cathode has not been demonstrated yet.
Despite having attractive advantages, there are disadvantageous aspects to using a ferroelectric cathode in freeelectron devices. The strong electron emission is based on a surface plasma effect. The result of which is that the natural energy spread in the emitted electrons might limit the radiation frequency of the tube. Accordingly, the gyrotron interaction 18, 19 which is the dominant interaction in the millimeter wave range, and tolerates energy spread, is a preferable interaction to obtain higher frequency in a ferroelectric cathode based electron-tube. In this experimental study, a gyrotron based on a ferroelectric cathode, with an operating frequency extended up to 23 GHz is presented.
The electron gun was based on a 2.5 mm thick ferroelectric cathode with a diameter of 18 mm. The cathode was made of barium titanate ͑BaTiO 3 ͒ ceramic, coated on both sides with metal electrodes. The rear electrode, had a diameter of 17.5 mm, and was activated by a 1.5 kV positive a͒ Electronic mail: einatm@ariel.ac.il. pulse, while the front electrode, with a diameter of 5 mm, was grounded ͑Fig. 1͒. A grid was located 5 mm in front of the cathode, and an anode was placed 7.8 cm in front of the grid, connected to an ϳ11.2 kV dc voltage.
The 1.5 kV pulse was used to ignite surface plasma on the front surface of the cathode. 2 This resulted in the electrons being accelerated from the plasma in following two stages: in the initial stage the electrons were attracted from the plasma by the grid that was connected to the same 1.5 kV positive pulse. This pulse was obtained by a high-voltage dc power-supply and a fast electronic switch. In the second stage the electrons were accelerated by a high dc voltage of ϳ11.2 kV that was applied to the anode. The experiment was conducted under the modest vacuum conditions of 10 −5 -10 −6 Torr. An external focusing coil induced a 315 G static magnetic field around the electron gun, this limited plasma expansion, prevented the natural spread of the electrons, and guided them through a hole in the center of the anode into the tube where the interaction occurred. Before the entrance to the interaction region a kicker in the form of a coil produced a high gradient magnetic field that induced a transverse velocity component in the electrons ͑Fig. 1͒.
In the interaction region a solenoid was used to generate an axial magnetic field B 0 Ϸ 8 kG. The CRM synchronism condition = c + k z V z was satisfied, where is the wave angular frequency and c is the electron cyclotron angular frequency, c Ϸ eB 0 / m. e and m are electron charge and mass respectively. While k z and V z are the axial wave number and the axial electron velocity respectively and form the Doppler term. Due to the axial magnetic field the electron trajectory in the interaction region is that of a spiral. Beyond the interaction region the electrons are collected in a collector section ͑Fig. 1͒.
Digital timers synchronized the cathode voltage and the coil current pulses. The radiation output was fed through a dc-block to diagnostic elements. A portion of the radiation was coupled directly to a crystal detector, and the detected voltage was measured using an oscilloscope. Most of the radiation was transferred to a band pass tunable filter ͑YIG filter͒ with a 200 MHz band pass, detected, and measured by the oscilloscope. The calibrated setup enables measurement of the radiation power and frequency ͑Fig. 2͒.
The experiment was operated in a repetitive mode. The radiation frequency, power, and the repeatability were measured. Also, small magnetic field variations were made to characterize the bandwidth. The experimental results of the gyrotron are presented in Figs. 3-5 .
A typical pulse of the electron beam current measured at the collector and its corresponding detected wave signal is shown in Fig. 3 . The pulse repetition frequency was ϳ1 Hz ͑limited by the solenoid power supply͒, the pulse duration was ϳ0.5 s, the output radiation power was over 50 W, and the frequency was ϳ23 GHz. The experimental parameters and results are listed in Table II 
experiment is shown in Fig. 4 , where ϳ50 consecutive detected radiation pulses were collected. While the system was operated repetitively the magnetic field was varied, and results were collected as a function of the magnetic field. The accumulated results are presented in Fig. 5 . The output radiation was around 23 GHz. The frequency dependence on the magnetic field is obtained in a ϳ0.5 GHz span, as seen in Fig. 5 . A calculated curve of the CRM frequency has been added to Fig. 5 . A similar positive gradient tendency can be observed between the data sets which are separated by constant gap. This gap can be related to the Doppler term, which is estimated for the given parameters as 0.7GHz. A fair agreement with the measurements is seen. The calculated pitch factor ͑V Ќ / V z ͒ is ϳ1.1 where V Ќ is the radial velocity component.
Although the apparatus limited the repetition rate to ϳ1 Hz, this limitation is technical and not caused by the cathode physics. With suitable power supply, repetition rate above 1 MHz can be reached. 9 In continues operation of high repetition rate, heat and cathode fatigue 20 should be considered. The interaction efficiency, evaluated as the output radiation power divided by the beam power, is ϳ1%. This relatively low value is mainly related to imprecise kicker coil.
In this experiment the ferroelectric cathode gyrotron frequency is extended toward the millimeter wave range ͑23 GHz͒. Since the plasma emission in the ferroelectric cathode causes a relatively high electron velocity spread, the gyrotron interaction seems to be a suitable choice for obtaining millimeter waves using ferroelectric cathodes, as it has low sensitivity to velocity spread. In view of the presented results, the ferroelectric cathode gyrotron could lead to simple practical power sources for millimeter waves. 
